Different cellular events occur during spermatogenesis, and these include (i) mitosis for self-renewal of spermatogonia, (ii) differentiation of type A spermatogonia into type B and commitment of type B spermatogonia to develop into preleptotene primary spermatocytes, (iii) transit of preleptotene/ leptotene spermatocytes across the blood -testis barrier in coordination with germ cell cycle progression and meiosis, (iv) spermiogenesis and spermiation. These events also associate with extensive changes in cell shape and size, and germ cell movement. The cytoskeleton, which comprises actin, microtubules and intermediate filaments, is believed to function in these cellular events. However, few studies have been conducted by investigators in the past decades to unfold the role of the cytoskeleton during spermatogenesis. This review summarizes recent advances in the field relating to cytoskeletal dynamics in the testis, and highlights areas of research that require additional emphasis so that new approaches for male contraception, as well as therapeutic approaches to alleviate environmental toxicant-induced reproductive dysfunction in men, can possibly be developed.
INTRODUCTION
In the adult mammalian testis, Sertoli cells are the somatic epithelial cells that nurse and structurally support developing germ cells in the seminiferous epithelium which eventually develop into spermatozoa by the process known as spermatogenesis (Bardin et al. 1988) . While spermatogenesis is composed of different cellular events, including mitosis, meiosis and spermiogenesis, an integrated aspect of spermatogenesis is the dynamic restructuring of cell junctions at the Sertoli -Sertoli and Sertoli -germ cell interface. For instance, Sertoli cell junctions at the blood -testis barrier (BTB) must restructure at stage VIII of the seminiferous epithelial cycle to allow the transit and entry of preleptotene spermatocytes into the adluminal compartment, which is a prerequisite for meiosis that takes place at stage XIV of the epithelial cycle and post-meiotic development known as spermiogenesis. Thus, extensive restructuring is envisioned to occur at the cell -cell interface throughout spermatogenesis. Since cytoskeletal components are known to serve as the foundation for different protein complexes within cell junctions, the underlying cytoskeleton is of paramount importance for the integrity of cell junctions, as well as for their dynamic restructuring.
The cytoskeleton in eukaryotic cells comprises actin, microtubule (MT) and intermediate filament (IF) networks. Cytoskeletal proteins are known to have numerous roles, such as determination of cell shape, cell motility, maintenance of cell junctions and intracellular trafficking, all of which help to maintain normal epithelial function and morphology. Since the role of IFs in spermatogenesis has not been studied extensively in the testis and their function is less understood when compared with actin and MTs, the latter two cytoskeletal components will be the primary focus of this review. We first provide an overview of the organization and regulation of actin and MTs in Sertoli cells (see figure 1), followed by a discussion on the crosstalk between these two networks during spermatogenesis. Finally, we discuss the use of small molecules to study cytoskeletal dynamics during spermatogenesis, as well as their possible use for male contraception.
ACTIN DYNAMICS IN THE SEMINIFEROUS EPITHELIUM (a) Actin organization in Sertoli cells
Filamentous actin (F-actin) is a polymer that possesses intrinsic polarity, and it is assembled by globular actin subunits (G-actin) with the fast-growing end known as the barbed end, and the slow-growing end defined as the pointed end (Pellegrin & Mellor 2007) . Eukaryotic cells are equipped with an array of actin-binding proteins to produce rapid changes in actin cytoskeletal dynamics, such as polymerization, depolymerization, bundling, severing, capping and branching (see table 1 ). In polarized epithelial cells, actin filaments form a prominent contractile actomyosin ring which encircles each cell in the epithelium, and this ring associates with the cadherin-based junction complex, together forming a mature zonula adherens/adhesion belt (Mege et al. 2006; Cavey et al. 2008) . Interestingly, the seminiferous epithelium in adult mammalian testes lacks classic zonula adherens. However, F-actin can be found at the BTB, where different types of Sertoli cell junctions coexist with one another (Vogl et al. 2008) . As integral components of the BTB, the basal ectoplasmic specialization (ES) and the basal tubulobulbar complex (TBC) are specialized actin-rich structures unique to the testis, but they exhibit drastically different F-actin organization. Figure 2 illustrates actin filaments visualized in primary Sertoli cells isolated from rat testes and cultured in vitro. Apart from the BTB, F-actin is also found to be abundant at two other sites of Sertoli -germ cell adhesion, namely the apical ES and the apical TBC. These structures are complementary to the basal ES and the basal TBC, respectively, but are only found within Sertoli cells at the Sertoli cell -elongating/elongated spermatid interface. Although the functional significance of the ES and TBC is not fully understood, these structures are thought to contribute as least in part to cell adhesion.
(i) Ectoplasmic specialization
The ES is a tripartite structure recognizable under the electron microscope as a layer of actin bundles packed in parallel hexagonal arrays and sandwiched in between cisternae of endoplasmic reticulum and the plasma membrane of Sertoli cells . With recent technological advances which have helped to better understand the molecular composition of the ES, this structure is regarded as an atypical, testis-specific adherens junction (AJ ) because its function is constituted by nectin-, cadherin-, and integrin-based protein complexes (Mruk & Cheng 2004a; . The basal ES is also an integrated component of the BTB, and it co-exists with tight-and gap-junctions, and desmosomes which collectively maintain the immunological barrier in the testis. Having the same ultrastructural features as the basal ES, the apical ES, however, can only be visible by electron microscopy within the Sertoli cell at the site of elongating/elongated spermatid attachment to Sertoli cells, even though studies have demonstrated that elongating/elongated spermatids express apical ES proteins similar to the ones expressed by Sertoli cells Mruk & Cheng 2004b Figure 1 . A schematic drawing to illustrate the organization of F-actin and microtubules (MTs) in Sertoli cells in the seminiferous epithelium and their possible crosstalk during spermatogenesis. F-actin is abundantly found at sites of cell-cell contact, including the basal ES and TBC at the BTB formed between Sertoli cells, and the apical ES and TBC at the Sertoli cell -spermatid interface. Actin filaments found at the ES and the TBC are arranged in a different manner, being packed in hexagonal arrays in the ES, but exist as a branched network at the TBC. MTs run vertically in parallel to the longitudinal axis of Sertoli cells with their minus ends pointing apically. The translocation of the apical ES in both directions in the seminiferous epithelium is proposed to be mediated by MT-based motors using MTs as tracks. Based on studies in other epithelial cells, MT minus ends may interact with junction protein complexes at the apical ES. of Sertoli cells forming a honeycomb pattern (Vogl & Soucy 1985) . However, in contrast to classic AJs, ES-associated actin bundles are believed to be non-contractile, which is in line with the unipolar arrangement of hexagonally packed actin filaments characteristic to the ES . This lack of contractility was illustrated by the failure to produce contractions in actin at the ES (Vogl & Soucy 1985) . Interestingly, an actin-based motor protein myosin VIIa has been found to localize to actin bundles at the apical ES by electron microscopy, and it was also detected at the BTB by immunofluorescence microscopy (Velichkova et al. 2002) . Studies in other epithelia suggest the participation of myosin VIIa during AJ formation. For instance, in MDCK cells, myosin VIIa is recruited to the cadherin-based protein complex together with vezatin, where it is proposed to generate a tensile force between the plasma membrane and the actin cytoskeleton to strengthen cell -cell adhesion (Kussel-Andermann et al. 2000) . The significance of myosin VIIa at the ES is yet to be investigated.
(ii) Tubulobulbar complex TBCs are found at the BTB, termed basal TBC, and at the ventral (or concave) side of the heads of elongated spermatids (steps 18 -19) attached to the Sertoli cell at sites formerly occupied by the apical ES, termed apical TBC. Ultrastructurally, apical TBCs are tubular extensions derived from the plasma membrane of spermatid heads that protrude into the corresponding Sertoli cell plasma membrane as invaginations, and are visible under electron and confocal microscopy. The tubular portion ends with a bulbar end which has a bristle-coated pit. Unlike the orderly array of tightly packed actin bundles found at the ES, actin filaments at the TBC exist as highly branched networks surrounding the tubular portion, but not the bulbar end (Russell 1979; Vogl et al. 2008) . Since apical TBCs are only found at sites previously occupied by apical ES, it has been hypothesized that TBCs function to internalize components from disassembled apical ES junctions in preparation for the release of spermatids during spermiation (Guttman et al. 2004a) . For example, dynamin III, which is implicated in the fission of endocytic vesicles, localized to the apical TBC (Vaid et al. 2007a) . The timing of apical TBC formation, its localization, and its ultrastructural features also suggest that the apical TBC is a transitional ultrastructure of the apical ES which must be disassembled and is lost from the seminiferous epithelium before spermiation. Recent reports have demonstrated an efficient mechanism of BTB protein internalization by clathrin-mediated endocytosis, which may facilitate the transit of primary spermatocytes across the BTB at stage VIII of the epithelial cycle (Yan et al. 2008; Xia et al. 2009 ). Likewise, the TBC-associated double membraneous invagination is reminiscent of a 'giant' endocytic vesicle. As such, the apical TBC is probably composed of residual apical ES structures that were engulfed by Sertoli cells via protein endocytosis, so that structural proteins (e.g. laminins, integrins, cadherins, catenins, nectins, afadins) can be 'transcytased' and 'recycled' for the assembly of 'new' apical ES at the Sertoli cell -elongating spermatid interface at spermiogenesis in the seminiferous epithelium. This possibly provides an efficient system to facilitate spermatogenesis without involving unnecessary de novo synthesis of proteins and/or organelles. Indeed recent studies have suggested that apical TBC serves as a platform for extensive protein endocytosis with the abundant presence of clathrin at the apical TBC (Young et al. 2009 ), which is a crucial endocytic vesicle constituent protein.
Nonetheless, the precise function, molecular composition and mechanism(s) by which the apical ES transforms into the TBC require further investigation. For instance, it is unclear at present whether the TBC is constituted by adhesion protein complexes derived from the ES, such as nectin-and integrin-based protein complexes and their peripheral adaptors/protein kinases (note: these are the two major constituent protein complexes at the apical ES since the appearance of cadherinbased complexes at the apical ES is stage-specific, being highest at stage VI-VII, and cadherin was found at apical TBC) or some additional specific proteins found at the site. It is noted that a protein complex containing a6b1-integrin and focal adhesion kinase (FAK)-Tyr
397
, an integrated component of the apical ES, persisted at the Sertoli cell-spermatid interface long after apical ES disassembly until the time of spermatid disengagement (Beardsley et al. 2006) . Although the staining pattern of this particular protein complex at the dorsal side of spermatid heads does not suggest its localization to the TBC, some other ESassociated proteins retained after apical ES disassembly (e.g. cadherins) may be used to constitute the apical TBC. While several hypotheses have been postulated regarding the function of the apical TBC, very few functional studies have been conducted on basal TBCs. Thus, this is an important area of research to be pursued in future studies.
(b) Actin regulation in Sertoli cells Sertoli cells are equipped with different types of actin regulating proteins at the F-actin-rich ES and TBC, which are found at the Sertoli cell -spermatid interface and the BTB (see table 1 ). Currently, the functional
Figure 2. Co-localization of Eps8 and F-actin in Sertoli cells cultured in vitro. Sertoli cells isolated from 20-day-old rat testes were cultured on Matrigel-coated glass coverslips for 4 days at 0.04 Â 10 6 cells cm
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. Eps8 (green) and F-actin (red) were visualized with an anti-Eps8 antibody and rhodamine conjugated phalloidin, respectively. Sertoli cell nuclei were visualized by DAPI (blue). Eps8 is concentrated at the cell -cell interface, co-localizing with the tips of cortical F-actin. Orderly bundles of actin filaments are also found inside the Sertoli cell. Scale bar, (a) 20 mM, which applies to (b) and (c).
significance of most actin regulatory proteins in the seminiferous epithelium has not been directly demonstrated. However, generally speaking, the local organization of F-actin is largely consistent with the reported functions of actin regulators identified at a particular site. For instance, several actin bundling proteins are found at the ES, whose actin filaments are arranged into parallel bundles, whereas actin branching proteins are associated with the highly branched actin network at the TBC. Because of the relative ease of isolation and identification of the apical ES and the apical TBC, more effort has been placed on studying these structures at the Sertoligerm cell interface, and less is known about their basal counterparts at the BTB.
(i) Ectoplasmic specialization formation and maintenance For the formation and maintenance of characteristic actin bundles at the ES, several actin bundling/crosslinking proteins have been identified at this site. These include espin (Chen et al. 1999) , fimbrin (Grove & Vogl 1989) , vinculin (Grove & Vogl 1989 ) and a-actinin (Yazama et al. 1991) . Espin, the founding member of the espin family of bundling proteins consisting of four isoforms to date, was first identified in the submembraneous plaque of the apical ES and also at the BTB (Bartles et al. 1996; Sekerkova et al. 2006b ). Espin displays high binding affinity for F-actin with actin bundling activity that is insensitive to Ca 2þ in vitro, and also with actin elongating activity (Sekerkova et al. 2006a) . The timing of espin accumulation at the Sertoli cell -spermatid interface coincides with the appearance of actin bundles at the apical ES at the onset of spermatid elongation which occurs at step 8 of spermiogenesis (Chen et al. 1999) . The role of espin during BTB establishment in rat pups has also been illustrated by its delayed appearance at the BTB site following adjudin treatment, a drug that perturbs the apical ES in adult rat testes, and this observation correlated with the delayed assembly of a functional BTB (Kopera et al. 2009 ). However, the intrinsic activity of espin and other actin bundlers/ crosslinkers at the ES has not been investigated. Thus, it is unclear how they contribute individually, or how they work together to regulate actin dynamics in Sertoli cells. In other systems, the coexistence of two or more non-redundant actin bundling proteins has been demonstrated (Revenu et al. 2004) . For instance, in Drosophila bristles, the bundling protein forked is required for the initial phase of actin bundle aggregation, while fascin is needed for a higher order crosslinking to assemble compact and rigid bundles (Tilney et al. 1998) . Moreover, an in vitro study showed that fascin, plastin and a-actinin produced actin bundles with different mechanical properties, such as stiffness (Claessens et al. 2006) . Thus, different actin bundling proteins may facilitate the production of actin bundles with specific properties uniquely required at a site. While it is difficult to dissect the significance of different actin bundling proteins at the ES in vivo, the use of primary cultured Sertoli cells which possess ES and mimic the BTB in vivo, in conjunction with techniques such as overexpression and RNAi knock-down of key actin regulatory proteins, may offer insight on their roles in ES dynamics.
Small GTPases are implicated in regulating junction dynamics in the seminiferous epithelium (Lui et al. 2003a) . For instance, RhoB is localized to the site of the apical ES, associating with elongating spermatids, and its level is markedly reduced surrounding elongated spermatids in stages VII -VIII tubules (Lui et al. 2003b) . It is well established that Rho GTPases are important regulators of stress fibre formation. The activation of downstream effectors, such as Rho kinase and the formin mDia, promotes stress fibre formation via several mechanisms. These include elongation of straight actin filaments, inhibition of actin depolymerization and induction of contractility (Burridge & Wennerberg 2004; Jaffe & Hall 2005) . Although actin bundles at the ES are not stress fibres due to their lack of contractility, it is of interest to note that drug-induced apical ES disruption coincides with an increase in the RhoB protein level which promotes stress fibre formation. Following the administration of adjudin, a drug known to specifically perturb anchoring junctions in the testis in particular the apical ES to induce rapid loss of spermatids from the seminiferous epithelium (Cheng et al. 2005) , RhoB was shown to be induced in the testis but not in other organs, as well as the protein levels of its effectors ROCK1 and LIMK1 which were also upregulated (Lui et al. 2003b) . While this observation is contradictory with the reported function of RhoB in promoting net actin elongation, this nevertheless suggests the participation of RhoB in some aspect of ES dynamics prior to spermatid depletion from the epithelium. Since only the total protein levels of RhoB and its effectors were examined, future studies are needed to define changes in intrinsic GTPase activity.
(ii) Ectoplasmic specialization disassembly and tubulobulbar complex formation During stage VIII of the seminiferous epithelial cycle in rats, BTB restructuring allows the transit of preleptotene/leptotene spermatocytes, while elongated spermatids are released at the opposite end of the Sertoli cell. To facilitate these events, it is envisioned that the junctional plaque and the underlying actin bundles at the apical and the basal ES undergo extensive remodelling. Since the previous detection of gelsolin at the apical ES is probably due to an artefact (Guttman et al. 2007) , other candidates that provide actin severing or depolymerizing activities during ES disassembly are likely to exist but these have yet to be identified.
Several components and regulators of the actinrelated protein (Arp) 2/3 complex have been localized to the apical TBC, and they probably contribute to the formation of the highly branched actin network at the site. These include Arp3 (D'Souza et al. table 1 ). The Arp2/3 complex is an actin nucleation and branching machinery found abundantly in lamellipodia at the leading edge of motile cells, which contain branched actin filaments (Chhabra & Higgs 2007 ). This complex consists of seven subunits, including two actin-related proteins Arp2 and Arp3, which form a pseudo actin dimer serving as the starting point for the addition of actin subunits. This leads to the nucleation of a new actin filament, or a branch on a pre-existing filament at an angle of about 708 (Weaver et al. 2003) . The crystal structure of the Arp2/3 complex suggests that upon binding of activators such as WASP, the complex undergoes a conformational change that closes the gap between the two Arp subunits, thereby forming the pseudo actin dimer (Rodal et al. 2005) . Activators of the Arp2/3 complex include two major protein families, namely WASP and cortactin, which in turn are regulated by small GTPases such as Rac and Cdc42 (Weaver et al. 2003; Burridge & Wennerberg 2004) . However, much work is needed to define the activation mechanism and the contribution of the Arp2/3 complex during the formation of the apical TBC.
Recently, the actin regulator Eps8 (Epidermal growth factor receptor pathway substrate 8), detected in both Sertoli (see figure 2 ) and germ cells, has been reported to play an important role in maintaining germ cell adhesion and BTB integrity in rat testes (Lie et al. 2009) . While the precise mechanism by which Eps8 functions in the seminiferous epithelium as an actin regulator remains unclear, it was demonstrated that in vivo knockdown of Eps8 by the intratesticular injection of siRNA was detrimental to the integrity of actin-based cell junctions, leading to germ cell sloughing and BTB damage, consistent with findings in vitro (Lie et al. 2009 ). Studies in other systems have illustrated Eps8 to function via multiple actin regulating mechanisms. Eps8 displays actin barbed-end capping activity (Disanza et al. 2004) , and participates in Eps8-Abi1-Sos1 mediated Rac GTPase activation (Scita et al. 2001) , both of which facilitate the formation of a branched actin network. On the other hand, it also activates and synergizes with IRSp53 in actin bundling (Disanza et al. 2006) . Thus, Eps8 may exert different mechanisms of action relating to apical ES formation and disassembly, and apical TBC formation. For instance, Eps8 could promote actin bundling in the ES, possibly via IRSp53 (Disanza et al. 2006) , to help maintain the paracrystalline array of F-actin which is needed for the homeostasis of the apical ES. Conversely, F-actin branch formation during TBC formation might be facilitated by the barbed-end capping activity of Eps8, and Rac activation induced by the Eps8-Abi1-Sos1 trimeric complex. To determine whether Eps8 has any role in the transition of ES to TBC, additional research is needed to identify the functional partners of Eps8 at these sites and their mechanisms of action.
MICROTUBULE DYNAMICS IN THE SEMINIFEROUS EPITHELIUM
Similar to F-actin, MTs are also polymers with intrinsic polarity, assembled by heterodimers of a-and btubulin arranged end-to-end in proto-filaments, which associate laterally to form a hollow cylindrical polymer (Desai & Mitchison 1997) . The fast growing plus ends display alternating phases of growth and shrinkage, a phenomenon known as dynamic instability, while the slow growing minus ends are usually anchored to other cellular structures such as the MT organizing centre (MTOC). The arrangement of MTs in Sertoli cells is typical of polarized epithelial cells, that is, they exist in a parallel array and run along the long axis of the cell with minus ends pointing apically (Redenbach & Vogl 1991; Bartolini & Gundersen 2006) . This is in contrast to migrating or undifferentiated cells, in which MTs extend radially away from the centrosome with plus ends pointing towards the cell surface (Bartolini & Gundersen 2006) . Because of the non-centrosomal MT organization in Sertoli cells, the MTOC has not yet been identified. Interestingly, MTs are known to associate with the apical ES and are proposed to participate in the translocation of developing spermatids across the seminiferous epithelium during spermiogenesis (Amlani & Vogl 1988) , as discussed in the next section.
The importance of MTs in Sertoli-germ cell adhesion has been demonstrated largely by toxicology studies. For instance, the MT disrupting agents carbendazim and colchicine, administered by intraperitoneal and intratesticular injection, respectively, both led to germ cell sloughing in the seminiferous epithelium (Correa et al. 2002) . On the other hand, oral administration of 2,5-hexanedione caused testicular injury at subneurotoxic doses with several MT related abnormalities, resulting in adverse effects on tubulin assembly dynamics and impaired MT motor transport (Hall et al. 1995) . The function of MT-associated proteins in the seminiferous epithelium has not been studied extensively, but several key observations are noteworthy. CLIP-170, an MT plus-end-tracking protein implicated in MT rescue and the regulation of dynactin accumulation at MT tips (Lansbergen et al. 2004 ) is proposed to participate in spermatid differentiation and sperm head shaping. Male CLIP-170 knockout mice are subfertile, with abnormal manchette features and aberrant MT localization in post-step 8 spermatids (Akhmanova et al. 2005) . Another MT plus-end-tracking protein, EB1, has also been demonstrated to play a role in spermatogenesis. To study the function of EB1 in testicular Sertoli cells in vivo, a dominant negative mutant of EB1 was introduced to Sertoli cells, but not germ cells, by lentivirus infection (Wang et al. 2008) . Sertoli cells expressing the EB1 mutant displayed abnormal rod-like cell shape with less processes, and the resulting tubules were less circular compared to normal tubules. Thus, EB1 helps maintaining the normal epithelial morphology in the testis, but the mechanism has yet to be elucidated.
CROSSTALK BETWEEN DIFFERENT CYTOSKELETAL ELEMENTS DURING SPERMATOGENESIS
Numerous studies in multiple epithelia over the past decade have supported the concept that crosstalk exists among the actin-, MT-and IF-based cytoskeleton. These three networks function with each other to regulate different cellular processes, such as signalling, cell adhesion, cell motility, maintenance of cell polarity and protein targeting (Chang & Goldman 2004; Etienne-Manneville 2004; Ezratty et al. 2005; Li & Gundersen 2008; Arnold 2009 ). In some cases, two different cytoskeletal components are influenced by a common regulator, such as the dual role of formins in actin polyermization and MT stabilization (Bartolini & Gundersen in press ). In the seminiferous epithelium, crosstalk between cytoskeletal networks is also marked by various observations. By co-immunoprecipitation, several actin-associated proteins, such as zyxin and WASP, were found to physically interact with vimentin and tubulin in seminiferous tubules (Lee et al. 2004) . Furthermore, MT disruption by intratesticular injection of colchicine caused a stagedependent collapse of IFs (Allard et al. 1993) . While these are only some examples of cytoskeletal crosstalk in the testis, the following sections discuss two phenomena which probably involve the interaction between MTs and actin in Sertoli cells (see figure 1) .
(a) Microtubule-based transport of elongating/elongated spermatids MTs in different cell types are organized into radial or parallel arrays. Either way, the manner in which MTs extend across a cell makes them an ideal network for intracellular trafficking events. Cargo proteins transported via MTs include vesicles, organelles, and even other cytoskeletal components, such as F-actin and IFs (Waterman-Storer et al. 2000; Chang & Goldman 2004) . In a cell-free system using Xenopus egg extract, F-actin bundles exhibited a jerking motion when they associated with motile MTs, but a straight gliding motion when they associated with a stationary MT lattice (Waterman-Storer et al. 2000) . Movement of cargo along the MT in both directions (i.e. anterograde and retrograde) is mediated by the corresponding plusend and minus-end directed motor proteins kinesin and cytoplasmic dynein (Wu et al. 2006) . Distinct from movement based on motor proteins, some MTbinding proteins display MT lattice diffusion as another mode of transport (Cooper & Wordeman 2009 ).
At present, spermatid translocation in the seminiferous epithelium during spermiogenesis is hypothesized to occur via MT-based transport of the apical ES. As described above, the apical ES is a testis-specific actin-based junction type at the Sertoli cell -elongating/elongated spermatid interface. Since actin bundles in the ES are non-contractile in nature (Vogl et al. 2008) , the propulsion of spermatids across the seminiferous epithelium during spermiogenesis and at spermiation cannot be attributed to actomyosin-induced contractility. Instead, it was hypothesized that the 'down and then up' translocation of elongating/elongated spermatids is achieved by the gliding of the entire apical ES structure together with the attached spermatid along MTs within the Sertoli cell, which run parallel to the longitudinal cell axis and serve as tracks for spermatid movement, possibly driven by motor proteins such as dynein and kinesin (Amlani & Vogl 1988; Guttman et al. 2000; Vaid et al. 2007b) . In the apical part of the Sertoli cell, MTs are closely associated with neighboring apical ES junction plaques . Early studies demonstrated that the intratesticular injection of taxol (an MT stabilizer) led to the retention of step 19 spermatids deep within Sertoli cells crypts, instead of being transported towards the tubule lumen (Russell et al. 1989) . Indeed, when mechanically isolated spermatids which retained their associated ES from the Sertoli cell were immobilized in a flow chamber, movement of fluorescently labelled MTs across the spermatid surface was observed in the presence of exogenous ATP (Beach & Vogl 1999) . This illustrated that a force can be generated between ES-bearing spermatids and MTs that causes their movement in opposite directions. Subsequent studies have localized the MT-based motor proteins dynein and kinesin to the cytoplasmic face of the endoplasmic reticulum within the apical ES, which is the proposed site where MTs contact the ES Vaid et al. 2007b) . It is probable that these motor proteins drive the translocation of the apical ES, together with the attached spermatid, along the MT in both directions, but this has to be confirmed by functional in vivo experiments. Furthermore, it will be of great interest to identify other adaptors/scaffold proteins and the upstream regulators participating in this mechanism of spermatid movement during spermiogenesis.
(b) Possible role of microtubules in apical ectoplasmic specialization restructuring Given the remarkable similarity in molecular composition between the apical ES and focal adhesions (Mruk & Cheng 2004a) , it is not surprising that they share common mechanisms in the regulation of cell adhesion. One of the untapped areas of research worth exploring is the possible role of MTs in facilitating apical ES disassembly, reminiscent of focal adhesion disassembly in motile cells which also use MTs. Focal adhesions are actin-based cell-matrix anchoring junctions, with the receptor module (e.g. integrin-based protein complex) linked to contractile actin stress fibres via adaptors such as vinculin (Geiger et al. 2009 ). For migrating cells to move forward, nascent focal adhesions are formed at the leading edge, while focal adhesions at the cell rear must disassemble, which are targeted by the approaching ends of growing MTs (Kaverina et al. 1999; Etienne-Manneville 2004; Broussard et al. 2008) . This MT-targeted focal adhesion disassembly is dependent on dynamin and FAK, and is likely to involve FAK-Src and ERK signalling (Webb et al. 2004; Ezratty et al. 2005) . One plausible mechanism is that the induction of MT catastrophe facilitates the release of signalling molecules transported to the MT plus end (Wu et al. 2006; Efimov et al. 2008 ), which in turn destabilize the junction. The requirement of dynamin in this process might be partly due to its role in regulating dynamic instability of MTs (Tanabe & Takei 2009 ).
In the seminiferous epithelium, the apical ES not only contains structural proteins found at focal adhesions (e.g. the integrin/laminin complex, , it is also equipped with molecules implicated in focal adhesion disassembly (e.g. FAK, c-Src).
The disassembly of the apical ES takes place at stages VII -VIII of the seminiferous epithelial cycle, during the time that the apical ES disintegrates to be replaced by apical TBCs at this site (Russell 1979) . Immunofluorescence staining indeed illustrates close association between MT tips and the heads of elongate spermatids in stage VII tubules (Beardsley et al. 2006) . Interestingly, dynamin II and activated FAK (phosphorylated at Tyr 397 ) are localized predominantly to the site of apical ES in stages VII -VIII tubules (Siu et al. 2003; Lie et al. 2006) . It is also noteworthy that in rats treated with adjudin, a drug that specifically induces apical ES disassembly without affecting the BTB, the protein level of pFAK-Tyr 397 in the testis is induced even before spermatid loss is detected (Siu et al. 2003) .
However, as opposed to motile cells, MTs in Sertoli cells display non-centrosomal organization similar to other epithelial cell types, with their minus ends oriented apically (Redenbach & Vogl 1991) . Because minus ends do not polymerize in vivo (Dammermann et al. 2003) , it is unlikely that Sertoli cell MTs undergo elongation and targeting in a manner comparable to motile cells. In contrast, MT minus ends are less dynamic in nature and require anchorage for stabilization, and in some cases can attach to cell junctions. For instance, a population of MT minus ends in Caco cells is anchored to cadherin-based AJs via the PLEKHA7/Nezha protein complex (Meng et al. 2008) . PLEKHA7 was first identified as a p120-catenin interacting protein, and its binding partner designated Nezha was also found to bind the minus end of MTs, forming a link between AJ and MTs. This interaction is apparently indispensible for the integrity of AJs, implying a role for MT minus ends in the maintenance of cell junctions. Although it is (1997) not known whether MT minus ends participate in junction restructuring, it is conceivable that the connection of cell junctions via MT minus ends to another part of the cell may facilitate the rapid delivery of restructuring/disassembly signals directly to cell junctions. Thus, it will be of great interest to test the possibility that MTs participate in the maintenance or disassembly of the apical ES.
FUTURE PERSPECTIVES
A major challenge in studying the Sertoli cell cytoskeleton is the complex organization of actin, MT and IF in vivo, which can only be partially mimicked by in vitro cell culture systems. However, in vivo experiments are difficult to perform because of the lack of suitable models, and data obtained from such experiments can be difficult to interpret because of the cyclical nature of the seminiferous epithelium. When a long period is needed for treatments to take effect, the time lapse between the initial treatment and data collection may already encompass several stages in the seminiferous epithelial cycle. Therefore, small molecule inhibitors are attractive to reproductive biologists, which can be directly injected into the testis to produce rapid and local changes. This method has also been used to study actin and MT dynamics, such as the intratesticular administration of cytochalasin D (Russell et al. 1988) . With the advent of large scale automatic screening, it is now considerably easier to identify chemical entities with defined effects (see table 2), such as the inhibition of N-WASP by wiskostatin (Peterson et al. 2004) . Small molecule inhibitors can also be a valuable tool for functional studies of cytoskeletal dynamics in the testis in vivo, and in some cases may even surpass the use of conditional knockouts, because an instantaneous response may lower the possibility of a redundant gene/protein rescuing the knocked-down gene/protein. Furthermore, given the rapid cell division taking place during spermatogenesis, small molecules influencing MT dynamics (see table 2) can be exploited to develop novel contraceptives, arresting germ cell development by perturbing mitotic/meiotic spindles. While targeting of the cytoskeleton is successful in cancer chemotherapy and is still the centre of attention in anti-tumour drug development ( Jordan & Wilson 2004) , any detrimental side effects, even moderate, would not be acceptable in contraceptive development. To circumvent systemic effects, it is necessary to optimize novel drug delivery methods to the testis in the future, such as by topical administration and targeting testis-specific receptors.
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